Mg/Ca ratios correlate strongly with δ 13 C (n = 38, r = 0.85), and combined with petrographic 46 observations, this indicates that the first (stratigraphically lower) excursion was modified by 47 secondary alteration and the second is recorded in resedimented dolostone clasts. It is tempting to 48 speculate that these dolostone clasts weredeposited in penecontemporaneous shallow-marine 49 waters, and that their low δ 13 C values might reflect input of oxidised atmospheric methane to the 50 ocean surface (and therefore the cause of the glaciation); the dolostones were subsequently 51 3 resedimented into the deeper marine settings. However this must be left as a hypothesis to be tested 52 when further age-constrained contemporaneous pre-glacial carbonate sections are found. 53 
Introduction 59
During the purported global glaciation episode(s) of the Palaeoproterozoic, ice extended from the 60 poles to low latitudes at least once (e.g. Evans tectonics (Young, 1991) , rifting at low latitudes (e.g. Evans, 2003) , and a combination of tectonic 70 and environmental factors (Melezhik, 2006) . These models implicitly require lengthy (million-year 71 timescale) durations as they involve processes operating at rates of the geological rock cycle, and 72 all permit repeat episodes of global freezing, as observed in the rock record. Another potential 73 driver to consider is catastrophic and rapid oxidation of Earth's proposed early methane atmosphere 74 
OH
-radicals. These, in turn, could have reacted with methane to produce CH 3 + H 2 O, as well as a 83 series of short-lived organic molecules (Ravishankara, 1988) , and, finally, bicarbonate ions. It has 84 been estimated that the GOE would have shortened the lifetime of methane in the atmosphere from 85 Formation (Imandra-Varzuga Greenstone Belt; Melezhik et al., 2013b) and its stratigraphic 101 equivalents in the Shambozero and Lekhta Greenstone Belts (cf. Negrutsa, 1984) . None of these 102 naturally exposed Fennoscandian sections are known to include a carbonate unit below the 103 7 greenschist facies metamorphism complicates the interpretation of depositional environments here, 156 but sedimentary features can be distinguished in low-strain zones. 157
158
On a broad scale, Melezhik et al. (2013b) suggested that fine compositional laminae and lack of 159 traction-bedded structures indicate a relatively deep-water setting (below effective storm and 160 fairweather wave base) for the Limestone member (Fig. 2) . They suggested that exotic and faceted 161 diamictite clasts that in places pierce compositional layering indicate a glacio-marine origin for the 162
Greywacke-diamictite member. The transition from the Limestone member to the overlying 163
Greywacke-diamictite member is one of siliciclastic upward coarsening over several metres, and the 164 contact itself is marked by a sharp-based medium to coarse-grained laminated arkosic sandstone. 165
These relationships are consistent with glacio-eustatic sea-level fall, with the arkosic bed 166 representing a consequent base level incision and basinward facies shift. It is difficult to assess the 167 water depth in which the glacial diamictites were deposited, but we assume that they were deposited 168 in at least similar and likely shallower settings than the carbonate rocks. the latter to be ascribed as either intrusive or extrusive seem to be lacking. Igneous bodies including 176 komatiites are also encountered above the diamictite sediments (Fig. 2) (Fig. 3) . Some of the carbonate layers are continuous across the 198 core width (Fig. 3b) , while others form discontinuous lenses (see Figs. 3c and 3d; also Melezhik et 199 al., 2013b) . The sedimentary protoliths of these layered carbonate-siliciclastic rocks were likely 200 carbonate and quartz-rich siltstones, now metamorphosed to marbles with interlocking crystal 201 fabrics. Some marbles are relatively pure carbonate rocks, like those found at 128.35 m (Fig. 4a) , 202 while others include layers of quartz and talc found at 182.44 m and 201.14 m (Figs. 4b and 4c) . 203
204
Layered carbonate-siliciclastic rocks both below and above the peridotite body (Fig. 2) commonly 205 contain laminae of a soft metallic grey mineral with a blue sheen in hand-specimen. In thin-section 206 9 this mineral shows pleiochroism from light brown to colourless (Fig. 4d) , with birefringence to 2 nd 207 order red. The mineral is therefore deduced to be talc, and this concurs with bulk rock XRD 208 analyses (Table S1 in supplementary information). In thin-sections, several crenulated talc layers 209 are cross-cut (replaced) by euhedral rhombs of dolomite (Fig. 4d) . Talc-replacement carbonate 210 rhombs (shown as they appear in the core in Fig. 3e ) are found in abundance in other sections of the 211 stratigraphy, particularly within the serpentinised peridotite body between 175.68 m and131.17 m 212 (Fig. 4e) . Petrographic examination reveals that komatiites at 81.69 m are also carbonatised and 213 serpentinised (Fig. 4f) . 214
215
Distinctly different in appearance to the secondary dolomite rhombs are dusty-looking and more 216 rounded carbonate clasts conclusively identified only around 126.97 m depth (Fig. 5 ). These clasts 217 are found in at least four 3 cm-thick beds separated by foliated thin carbonate layers. Staining with 218
Alizarin Red S revealed that the clasts are dolomitic, and the sheared carbonate layers are 219 dominantly calcitic. These rocks lack talc, but do contain laths of white mica aligned parallel 220 layering (Fig. 5) and interpreted as the metamorphic product of clay minerals. This mica is most 221 prominent in calcitic foliated layers (these layers lack quartz) and also occurs with small quartz 222 crystals around the margins of dolostone clasts (but is absent in the clasts). The mineralogy deduced 223 from petrography is consistent with bulk rock XRD analysis (Table S1; Table S2 
U-Pb geochronology: results and interpretation 322
The samples targeted for chronology are summarised in Table S3 (Fig. S1 in supplementary information) (Fig. 2) . In hand specimen (Fig. 11a) , altered and compacted pumice 353 fragments (0.5 to 1 mm) have a common alignment, giving the rock a discontinuous, streaky 354 appearance. Lithic fragments (0.25 mm) and crystals (0.1 mm) are also present. In thin section (Fig.  355 11b), the altered pumice clasts (constituting 5% volume of the rock) are uniformly aligned with a 356 eutaxitic texture, suggesting welding or in-situ diagenetic compaction. some large prismatic grains (albeit visibly metamict) with aspect ratios up to 8, and some smaller 366 faceted grains with aspect ratios of 1.5 to 2. However there is a distinct morphological sub-367 population of prismatic crystals and crystal fragments with medial melt inclusion 'tunnel' traces: a 368 feature that typifies volcanic zircon (z1, z2, z7 z8 and z11 in Fig. S1 ) and is characteristic of the ca. 369 2435 Ma population. Although post-depositional re-working is likely to have been restricted, we 370 must also consider whether the ca. 2435 Ma zircons were inherited into the magma prior to 371 eruption, and thus reflect a maximum age. Whilst we cannot categorically rule this out, making the 372 age strictly a maximum age, however we note that (1) the dated zircons are distinctly younger than 373 the known ca. 2441 Ma dates from underlying intrusions; and (2) numerous levels were sampled for 374 zircon ( fig. 10 ) and whilst a number of samples did contain inherited zircons they were all >2. and 1000 ppm Sr, respectively (Veizer, 1983) , and Sr content in seawater has likely remained near-485 constant through time (Steuber and Veizer, 2002) . Hence the values measured from the Polisarka 486 carbonates are close to equilibrium concentrations of modern marine calcites (Veizer, 1983; 487 Schlanger, 1988) . However, the recrystallisation textures strongly argue for post-depositional 488 alteration of most of the analysed samples, hence for a significant Sr loss from these rocks. It has 489 been shown that each recrystallisation step in an open system reduces Sr content in the newly 490 formed calcite by a factor of 10, and in dolomite by a factor 20 (Veizer, 1983; Banner, 1995) 
Oxygen isotopes 498
The evidence for deformation fabrics throughout the core and likely Sr loss from the carbonate 499 rocks do not require that every geochemical proxy has been entirely overprinted, because the 500 requisite water/rock ratios differ for each tracer (Banner, 1995) . However, the invariably low (for 501
Palaeoproterozoic marine carbonates; e.g. Schidlowski et al., 1975) (up to -16.4‰) and δ 13 C from -3.0 to -4.0‰. The possible oxygen isotope mixing line trend in this 517 sample (Fig. 9) would then result from mixing between 'calcite' and 'dolomite' end-members. 518 519
Robustness of the carbonate carbon isotope signal 520
The carbonate carbon isotopes are here of special interest because of the possibility they could 521 reflect marine dissolved inorganic carbon (DIC) prior to one of the early Palaeoproterozoic 522 glaciations, potentially aiding understanding of its cause. Interpreting the carbon isotopes in this 523 way first requires an assessment of the extent of secondary alteration and whether there might still 524 be a primary signal retrievable from the data. 525
526
The carbonate rocks are all to varying extents recrystallised, but recrystallisation alone is not 527 necessarily an indicator that the carbon isotopes of these carbonates are reset: note that carbonates 528 with 'normal' δ 13 C are as affected by this pervasive recrystallisation as those containing the low 529 the peridotite, and all samples from above ca. 127.8 m (Fig. 8) . Using the ICP-AES Mn/Sr ratio 535 data, the δ 13 C of all samples associated with the second and most prominent δ 13 C excursion could 536 be considered suspect. However, these ICP-AES data are from 'bulk carbonate' so do not 537 discriminate between calcite of clear secondary origin and the primary dolostone clasts. The Mn/Sr 538 values cannot be reliably used as an indicator of carbonate carbon isotope alteration in these mixed 539 dolomite -calcite samples that contain the second prominent negative carbon isotope excursion. 540
The XRF elemental data reflect only the whole rock (i.e. including silicate) composition. The Mn/Sr 541 22 molar ratios calculated from these XRF data are all < 10, although the XRF dataset is more limited 542 than the ICP-AES dataset here. 543
544
Correlation between carbonate oxygen isotopes and carbon isotopes can also be indicative of post-545 depositional alteration in cases where the oxygen isotopes have been altered. A complicating factor 546 to using this approach here is the variable mineralogy of the carbonate rock samples. Correlation 547 between carbonate δ 13 C and δ 18 O (Fig. 9) is best explained as the result of mixing between low 548 
